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The effect of an electric field on the thermomechanical
damage of nodular defects in dielectric multilayer
coatings irradiated by nanosecond laser pulses

Xinbin Cheng"?, Jinlong Zhang"?, Tao Ding"?, Zeyong Wei', Hongqiang Li' and Zhanshan Wang"

Thermomechanical damage of nodules in dielectric multilayer coatings that are irradiated by nanosecond laser pulses has been
interpreted with respect to mechanical properties and electric-field enhancement. However, the effect of electric-field
enhancement in nodular damage, especially the influence of electric-field distributions, has never been directly demonstrated
through experimental results, which prevents the achievement of a clear understanding of the damage process of nodular defects.
Here, a systematic and comparative study was designed to reveal how electric-field distributions affect the damage behavior of nodules.
To obtain reliable results, two series of artificial nodules with different geometries and film absorption characteristics were prepared
from monodisperse silica microspheres. After establishing simplified geometrical models of the nodules, the electric-field
enhancement was simulated using a three-dimensional finite-difference time-domain code. Then, the damage morphologies of the
artificial nodules were directly compared with the simulated electric-field intensity profiles. For both series of nodules, the damage
morphologies reproduced our simulated electric-field intensity distributions very well. These results indicated that the electric-field
distribution was actually a bridge that connected the nodular mechanical properties to the final thermomechanical damage.
Understanding of the damage mechanism of nodules was deepened by obtaining data on the influence of electric-field distributions

on the damage behavior of nodules.
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INTRODUCTION
The performance of optical components facilitates technologies for
high-power laser systems. Their performance, especially with regard to
laser damage resistance, has a significant influence on the design,
construction cost, safe operation and service life of fusion-level nano-
second laser systems such as the National Ignition Facility,' Laser
Megajoule,” Shenguang,” etc. Numerous experimental and theoretical
studies have been carried out to understand the damage mechanisms
of optical components.*™® As our understanding of these damage
mechanisms deepens, existing technologies can be re-optimized, or
new processes can be developed to increase the laser-induced damage
threshold (LIDT) beyond any level previously attained.
Near-infrared high-reflection (HR) coatings and polarizers are
widely used in nanosecond high-power laser systems. The damage
mechanisms of these dielectric multilayers have been studied exten-
sively to achieve the maximum LIDTs possible. Nodules were ident-
ified as the predominant factors that decrease the LIDT; these nodules
are defects that grow from seeds or particulates into an inverted con-
ical shape with a domed top protruding above the surface of the film."°
A simple model has been proposed to represent the geometries of
classic nodules, where the nodular diameter D is related to a constant

C, to the seed diameter d, and to the seed depth ¢ via the relation
D=sqrt(Cdt)."" For a rotating substrate in an electron beam evapora-
tion (EBE) process, nodular growth exhibits a self-shadowing nature,
and the constant Cis dependent on deposition conditions such as the
coater geometry and the mobility of deposited atoms. A simulation of
nodular growth by Liao et al.'? showed that a greater nodular diameter
would result from either a larger incident angle of evaporated atoms or
a lower mobility of atoms.

The mechanical stability of nodules is poor because the boundaries
between the nodules and thin films are usually discontinuous, with a
great many voids being present. When laser irradiation induces a
strong temperature gradient and associated stress, thermomechanical
damage initiates preferentially at the unstable nodular boundaries.
Models based on the geometrical enhancement of the electric-field
intensity (|E|*) have been proposed to understand nodular ejection
mechanisms. DeFord et al. made the first finite-difference time-
domain (FDTD) model of |E|* enhancement in nodular defects and
demonstrated that a nodule could result in an electric-field enhance-
ment that was 3.5 times higher than the incident field strength.'?
However, their code limited calculations to two-dimensional cases
only and also neglected polarization effects. In fact, a nodule is exposed
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to a range of incident angles and to opposite polarizations at ortho-
gonal cross-sections, so only a three-dimensional (3D) FDTD code
can sufficiently mimic the |E|* enhancement in nodules.

The first |E|* simulation of nodules using a 3D FDTD code was
accomplished by Stolz et al.'* They subsequently carried out in-depth
studies to investigate the dependence of | E|* enhancement on the seed
diameter, lodging depth, incident angle, centering wavelength, etc."
Their modeling results showed that light intensification could occur in
nodules by a factor as large as 24. Since then, it has been well accepted
that |E)* enhancement is an important cause of nodular ejection, and
the measured LIDT of nodules has been related to the peak |E|” of the
nodules.'® However, |E|* simulations of nodules are far from compre-
hensive. Nodules with different aspect ratios have been reported,'”'®
but systematic studies of electric-field modeling of nodules were lim-
ited to a D=sqrt(8dt) geometry. The influence of nodular geometries
on |E|” enhancement is still not clear.

Although it is now well known that |E|* triggers laser damage in
nodules, understanding of how |E|* distributions affect the damage
behavior of nodules is still vague. Indeed, the |E|* distribution deter-
mines the spatial distribution of the absorbed laser energy in the area
surrounding a nodule, knowledge of which is an important precondi-
tion to understanding the subsequent complex processes of temper-
ature distribution, stress response and mechanical damage.'® Without
clear knowledge of the |E|* distributions and of how those distribu-
tions affect the damage behavior of nodules, it is impossible to gain a
true understanding of the thermomechanical damage process of
nodules. The reason why previous studies failed to find a dependence
of nodular damage on |E|* distributions is easy to explain. In practice,
the density of nodules is usually very low, and their properties are quite
diverse. It is very time-consuming and quite challenging to obtain
representative damage morphologies of nodules and to make mean-
ingful comparisons to simulation results. Artificial nodules whose
density, size, absorption and seed lodging depth can be well controlled
have been used to study damage behaviors of nodules in a more
reliable and efficient way.'”'®?° Unfortunately, the studies that used
artificial nodules either did not consider the damage mechanism with
respect to |E|* distributions or used a two-dimensional FDTD code
that could not adequately mimic the |E|* distributions in nodules.

In this work, an experimental and theoretical study was designed to
investigate the influence of | E|* distributions on the damage behavior
of nodules. The reliability of the experimental study on artificial
nodules was further improved by creating them from monodisperse
silica microspheres. |E|* profiles on two different nodular geometries
were simulated using a 3D FDTD code. In addition, the link between
|E|? distributions and the thermomechanical damage of nodules was
explored by direct comparison of simulated |E|* patterns and damage
morphologies. Our results demonstrate exactly how |E|* distributions
affect the damage behavior of nodular defects irradiated by nano-
second laser pulses.

MATERIALS AND METHODS

Preparation of artificial nodules

SiO, microspheres were selected as seeds because both their properties
and monodispersity could be guaranteed using well-established tech-
nology. Such a guarantee is quite important for obtaining represent-
ative damage morphologies of the resulting nodules. For practical
interest, the size of SiO, microspheres investigated ranged from hun-
dreds of nanometers to several micrometers, and the only condition
considered was that the seed be located on the substrate surface.'®
Monodisperse silica microspheres having five distinct sizes—0.3,
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0.6, 0.9, 1.45 and 1.9 pm—were prepared using the Stober process.
These prepared seeds were then deposited onto the surface of BK7
substrates in a well-dispersed manner via a spin-coating method.
Both the concentration of the aqueous suspension containing the silica
microspheres and the spin speed were adjusted to achieve an average
areal density of 20—40 mm ™2, which is optimal for laser damage testing
to obtain representative damage morphologies of the artificial
nodules. For each type of silica microsphere, 12 BK7 substrates were
prepared for subsequent deposition of HfO,/SiO, HR coatings. To
better illustrate why two deposition processes were adopted, the
deposition conditions for each process will be described in detail in
the following sections.

3D FDTD algorithm

The | E* distributions were simulated using a 3D FDTD electromagnetic
code.?! The simulation domain was rectangular, 3D and non-uniformly
gridded. To obtain accurate simulation results, the rectangular simu-
lation domain was gridded with spacings that were sufficiently small to
ensure that there were at least 15 samples per wavelength. Furthermore,
our algorithm took interfaces as mesh nodes and ensured that the
thickness of each layer was accurate after gridding. Periodic boundary
conditions were applied in the x- and y-directions, while perfectly
matched layer-absorbing boundary conditions were applied in the
z-direction. To reduce back-reflections from the periodic boundary
conditions, a simulation domain 24 pm wide and 7.5 um high was
used for nodules initiating from the 1.9 um seeds. A simulation domain
16 um wide and 7.5 pm high was used for the other nodules initiating
from smaller seeds to reduce the computation time. The simulation was
performed using a plane wave with a center wavelength of 1064 nm as
the incident field.

Laser damage test

Damage studies of the artificial nodules were carried out in our laser
damage test facility. The system employed a Q-switched 1064 nm
Nd:YAG laser from Spectra-Physics (Santa Clara, CA, USA). The out-
put laser beam has a TEM, mode with a pulsewidth of 10 ns and a
repetition rate of 10 Hz. A raster scan method was used to obtain
representative damage morphologies of artificial nodules. To avoid
repeat irradiation on the same nodule, the beam was transported by
the beam diameter at an intensity of 1/¢* where the size was approxi-
mately 1 mm. The raster scan was halted when either more than 100
nodules were ejected or catastrophic damage occurred. The laser
energy originated from a specific fluence that was based on previous
experience and that was gradually increased to the ‘stop’ fluence using
increments of 5 ] cm ™ 2. The maximum output power on the sample
surface was 170 J cm™ % Following the damage test, the damage
morphologies of the ejected nodules were identified first under a
Nomarski microscope and were then characterized using focused
ion beam (FIB) technology.

RESULTS AND DISCUSSION

Thermomechanical damage of artificial nodules prepared by the
EBE process

EBE is our primary process for depositing HR coatings because of its
potential to achieve coatings possessing the highest LIDT. Thus, arti-
ficial nodules prepared via EBE were investigated first. The details of
our modified EBE process using oxygen radicals were given in a pre-
vious study.?? HfO,/SiO, HR coatings with a wavelength of 1.064 pm
and normal incidence angle were used in this study. The design was
[air: L(LH) *° glass], where H is a quarter-wave HfO, layer, and L is a
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Figure 1 Nodular geometries used for electric-field simulations. (a) Nodule with a D=sqrt(4dt) aspect ratio initiating from a 0.9-um silica microsphere for which the
film thickness over the seed is non-uniform. (b) Nodule with a D=sqrt(8d't) aspect ratio initiating from a 0.9-um silica microsphere for which the film thickness over the
seed is uniform. The incident angle across the nodular surface is non-constant. At the nodular center, the incident angle is zero, and it increases to a maximum angle 0

when moving to the nodular edge.

quarter-wave SiO, layer. The refractive indices of HfO, and SiO, are
1.962 and 1.453, respectively, at 1.064 um. The total film thickness was
approximately 4.32 pm. The absorption of the HR coatings was mea-
sured using a photothermal common path interferometer and was 4.5
parts per million at a normal incidence of 1.064 um.

Geometric modeling of artificial nodules

Cross-sectional micrographs of prepared nodules have previously
been examined to reveal the nodular geometries.'® These results
showed that nodules prepared via EBE possessed an aspect ratio of
D=sqrt(4dt). In this study, however, three additional conditions were
utilized to establish the geometrical model of nodules with a
D=sqrt(4dt) aspect ratio for FDTD simulations. The first condition
applied was that the nodular height is equal to the seed diameter. The
second condition utilized was that the layers growing radially outward
from the spherical seeds are spherical sections. Finally, the third con-
dition applied was that voids along the boundaries of nodules are
neglected.

Based on these additional conditions, simplified 3D geometrical
models of nodules with a D=sqrt(4dt) aspect ratio were established.
For example, Figure 1a shows a cross-sectional geometrical model of a
nodule with a D=sqrt(4dt) aspect ratio initiating from a 0.9 um seed.
The resulting layers that form above the seed are tangent spheres, and
the point of tangency is the intersection point between the spherical
seed and the substrate surface. It is worth noting that this geometrical
model leads to the condition that the thickness of a film growing
radially outward from a spherical seed is non-uniform and is also
different from the thickness of a vertical layer film growing on a perfect
substrate, except along the central axis of the nodule. The non-
uniformity of the film thickness growing radially from the spherical
seed is quite pronounced for the first several deposited layers and
gradually becomes negligible for subsequent deposited layers.

This phenomenon is different from the case of the widely used
D=sqrt(8dr) geometrical model in which the resulting layers that form
above the seed are concentric spheres and in which the thickness of
a film growing radially outward from the spherical seeds is the same
as the thickness of a vertical layer film growing on a perfect substrate.
For comparison, the D=sqrt(8df) geometrical model is shown in
Figure 1b. We think that the shadowing effects of seeds most likely
result in the non-uniform thickness of deposited layers on seeds and
that the deposition rates of evaporated atoms actually vary as a func-
tion of the incident angle from which they arrive. The non-uniform
thickness of the layer above the spherical seed is thought to be rea-
sonable, and to a certain degree, it reflects the real nodular structure.
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However, it is quite difficult to justify this assumption by evaluating
cross-sectional micrographs of the nodules due to the existence of
voids along the nodular boundaries. The soundness of this non-
uniform geometrical model must be proven through experimental
results. Moreover, the influence of voids on the |E|* enhancement in
nodules is not yet understood. The validity of neglecting voids in the
model should also be confirmed through experimental results.

Spectral characteristics of artificial nodules

Before providing the results of the | E|* simulation, we will first address
the influence of the geometrical model on the spectral characteristics
of nodules. Although the HfO,/SiO, HR coatings are irradiated at a
normal incidence, the nodules are exposed to a range of incident
angles as well as to both S-polarization and P-polarization at ortho-
gonal cross-sections. When the point of incidence moves from the
nodular center to the edge, the angle of incidence gradually increases
from zero to the maximum angle 0, as shown in Figure 1. The equation
for determining the angle 6 of D=sqrt(4dt) aspect ratio nodules was
deduced to be

Mi) (1)

0= .
arcsin < A+t

An interesting finding is that the incident angular range (IAR) of the
D=sqrt(4dt) aspect ratio nodules is much larger than that of the
D=sqrt(8d?) aspect ratio nodules' for the same seed diameter; a com-
parison is given in Table 1. Figure 2 shows that the angular reflection
bandwidth (ARB) of the HfO,/SiO, HR coatings is limited and is
approximately =56 and *44° for S-polarization and P-polarization,
respectively. When the IAR of the nodules is larger than the ARB of
the HfO,/SiO, HR coatings, the incident laser beam will penetrate the
multilayer stack through the nodular edge. Because the two nodular
geometries have different IARs, the portion of the laser beam that can
penetrate through the multilayer stack will be different, likely resulting
in different |E|* enhancement.

The link between |E|* distributions and the damage morphologies
of the artificial nodules

Although the nodules prepared via EBE exhibited a D=sqrt(4dt) geo-
metry, |E|* simulations for D=sqrt(8d?) nodular geometry were also

Table 1 IAR of nodules (°)

Seeds (um) 0.3 0.6 0.9 1.45 1.9
D=sqrt(4dt) 21 30 49 60 67
D=sqrt(8dt) 30 41 40 45 50

w
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Figure 2 ARB of the HfO,/SiO> HR coatings. The reflection bandwidth is approxi-
mately +56°for S-polarization and approximately +44°for P-polarization. ARB,
angular reflection bandwidth; HR, high-reflection.

investigated here for two reasons. First, the D=sqrt(8d¢) nodular geo-
metry can be used as a benchmark for the correctness of our FDTD
code by comparing our |E|* simulation results with those in the lit-
erature. Second, comparative | E|* simulations of two nodular geomet-
ries can better illustrate the effect of geometry on |E|* distributions in
nodules.

Figure 3 shows the S-polarized | E|* distributions for the two nodular
geometries initiating from 0.3, 0.6, 0.9, 1.45 and 1.9 pm silica micro-
spheres. The differences between the |E|* distributions for the two
nodular geometries are dramatic. For the D=sqrt(8dt) nodular geo-
metry, |E|* distributions calculated by our FDTD code were quite
similar to the results given by Stolz et al.'* For all nodules, the max-
imum | E|* was located at the upper central axis of the nodules; also, the
|E]* distribution gradually increased with increasing seed diameter.
Moreover, for perfect HR coatings, the |E|* distribution obtained
using our FDTD code also showed excellent agreement with that
calculated analytically using Optilayer software.”® These results sug-
gest that our FDTD code should be valid for the determination of | E|*
distributions in the vicinity of nodules. Compared to the D=sqrt(8dt)
nodular geometry, the D=sqrt(4dt) nodular geometry resulted in very
different |E|* distributions. The positions of the |E|* maxima were
much deeper and even occurred within the seeds for the larger
nodules. Moreover, the D=sqrt(4dt) nodular geometry also led to
much larger |E|* enhancement than the D=sqrt(8ds) nodular geo-
metry. The maximum |E|* values normalized to the incident field
intensity for both geometries are given in Table 2.

The observed differences in the |E|* distributions can be qualita-
tively explained as follows. The IAR of the D=sqrt(8dt) aspect ratio
nodules is either smaller or slightly larger than the P-polarized ARB of
the HfO,/SiO, HR coatings. Because only a small portion of the laser
beam can penetrate into the depths of the nodules, the hotspots are
located in the upper regions of nodules. For larger D=sqrt(4dt) aspect
ratio nodules, the TAR is larger than the P-polarized ARB and even
larger than the S-polarized ARB of the HfO,/SiO, HR coatings; thus, a
large portion of the laser beam can penetrate through the multilayer
stacks. When the transmitted light arrives at the central axis coherently
and in phase, it can create an electric-field enhancement. The highest
|E]* can be 18 times higher than the normalized incident |E|*. The
D=sqrt(4dt) aspect ratio nodules function like microlenses; they
induce much stronger light intensification than the D=sqrt(8dt)
aspect ratio nodules. Because we are more interested in the |EJ”
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peaks located at the central axis of the nodules, the S-polarized and
P-polarized | E|* distributions are very similar for this perspective. The
S-polarized |E|* distributions are provided as an example in Figure 3,
and the P-polarized | E|* distributions are provided in the supplement-
ary data for reference.

The comparisons above clearly indicate that nodular geometry has a
significant influence on the |E|* enhancement and distributions. We
believe that the |E|* distributions can significantly affect the damage
behaviors of nodules and that the damage morphologies of nodules
should reflect the characteristics of the | E|* distributions. To the best of
our knowledge, this hypothesis has never been directly proven from
experimental results. In this study, we try to find a link between the |E|*
distributions and the damage morphologies of nodules and dem-
onstrate exactly how |E|* distributions affect the thermomechanical
damage of nodules.

Table 3 provides the ejection fluence (EF) of the artificial nodules.
Because nodules initiating from the 0.3 pm and 0.6 pm seeds could not
be damaged at the maximum fluence of our laser damage test facility,
our interest here was mainly with the vulnerable nodules initiating
from bigger seeds. An FIB instrument was used to examine the cross-
sectional damage morphologies of the ejected nodules. Figure 4 shows
the damage morphologies of nodules initiating from 0.9, 1.45 and
1.9 um silica seeds. The damage morphologies in the left-hand column
were considered to be the representative ones and are discussed first.
Upon careful examination of the damage morphologies of the nodules
initiating from the 1.9- and 1.45-um seeds, we reached the conclusion
that the silica seeds were not ejected but rather melted. Only when
strong light intensification occurs in seeds, as is the case in our simu-
lation results, can such melting-like damage morphologies occur for
silica seeds whose absorption is extremely low. Interestingly, for the
damage morphology of the nodule initiating from the 0.9-pm silica
seed, the nodule was not ejected along the most unstable boundaries,
i.e., in the vicinity of the seed, but was instead ejected from the upper,
more continuous boundaries. Although the micrographs in Figure 4al
do not exhibit obvious melting-like damage morphology, we still can
infer that the initial damage initiated at the middle region of the film
stack where the coating materials melted due to intense |E|? in agree-
ment with the simulation results.

A two-step damage process is proposed. A light intensification focal
spot in either seeds or films generates a high temperature. When the
temperature exceeds the melting point of the materials, the materials
are first melted, and then, the melted regions generate considerable
pressure and induce high tensile stress at the boundaries of the
nodules, thereby ejecting the mechanically unstable multilayer stacks
above the melted regions, leaving intact the remaining materials
beneath the melted regions. The observed correlations between the
|E]* distributions and the damage morphologies of the artificial
nodules are believed to be the first direct evidence proving the correct-
ness of the simulated | E|* distributions and demonstrating exactly how
the |E|? distributions affect thermomechanical damage of nodules.

Although we attempted to make identical nodules by creating
them from monodisperse silica microspheres, the EF and damage
morphologies of nodules initiating from the same-sized seeds
still exhibited some differences. The images in the right-hand
column of Figure 4 show the complexity of nodular damage.
These damage morphologies did not show a good relationship
to simulated |E|* distributions, and they were thought to be
unrepresentative. For example, the 1.9-pm seed did not melt
when the film stack was ejected along the boundaries, the 1.45-pum
seed did not show obvious melting-like damage morphology, and
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Figure 3 FDTD-simulated S-polarized | £1? distributions at the y=0 xz plane: (al-a5) for the D=sqrt(4dt) nodular geometry and (b1-b5) for the D=sqrt(8d1)
nodular geometry. The white lines represent film stacks. To better illustrate the | £]2 distributions, the color scale is different for different nodules. FDTD, finite-

difference time-domain.

there was no evidence that the initial damage started from the
middle of the film stack for the nodule initiating from the 0.9-
pm seed. We think that the main reason for this complexity is
the poor mechanical stability of nodules prepared via EBE. When
there is fluctuation in the seed diameter, a slight variation of seed
absorption or some other unknown changes, mechanical instability

Table 2 Maximum |E2 in nodules

Seeds (um) 0.3 0.6 0.9 1.45 1.9
D=sqrt(4dt) 4.0 4.0 55 16.8 17.8
D=sqrt(8d1) 4.0 4.0 4.0 54 12

will combine the impact of all fluctuations and result in different
damage morphologies, which actually have a negative effect on our
judgment of the impact of |E|* distributions on nodular damage.
Two more nodules initiating from 1.9-pum seeds were examined via
FIB technology. The seeds showed melting-like damage morphologies,
and the micrographs are given in the supplementary data. However,
the FIB measurement is quite expensive and time-consuming, and it is

Table 3 Ejection fluence of nodules (J cm™2, 10 ns)

1.45 19
55*5 35%5

0.3
>170

0.6
>170

0.9
130x15

Seeds (um)
D=sqrt(4dt)
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1.9um seed 1.9um seed

Figure 4 Damage morphologies of nodules revealed by FIB technology. (al-a3)
Damage morphologies that exhibited good agreement with the simulated | £/?
distributions. (b1-b3) Damage morphologies that showed some deviation from
the simulated | £12 distributions, reflecting the fact that nodular damage is a
complicated thermomechanical process. FIB, focused ion beam.

impossible to ascertain the representative damage morphologies by
exposing a large number of nodules. Therefore, we prepared another
series of nodules to demonstrate the influence of | E|* distributions on
the damage behavior of the nodules more efficiently. The basic idea
was to make the boundaries more continuous to reduce the influence
of mechanical instability. Meanwhile, film absorption was purposely
increased to amplify the contribution of the electric field to nodular
damage. Ion-assisted deposition (IAD) was used to meet these
requirements.

Thermomechanical damage of artificial nodules prepared via IAD
To obtain more continuous boundaries and absorbing films, we pur-
posely selected IAD process parameters for high-energy bombard-
ment."® JAD increased the refractive indices of the hafnia and silica
films, which reduced the total thickness of the quarter-wave HfO,/
SiO; HR coating [air: L(LH)A13 glass] to 4.17 pm. Because the bound-
aries between the nodules and the surrounding films gradually heal as
the film grows, the total thickness of the stack may have some influence
on the mechanical stability and the damage behavior of the nodules.
Thus, we decided to fix the total film thickness at 4.32 pm and to
modify the stack structure to be [air: L(LH)A 31.3H glass]. The absorp-
tion of the HR coatings prepared via IAD was approximately 40 parts
per million at a normal incidence of 1.064 pum, which is about nine
times higher than the absorption of the HR coatings prepared via EBE.
This result means that for a given |E|% the absorbed heat or temper-
ature increase in IAD coatings will increase dramatically, which will
amplify the impact of |E|* distributions on nodular damage.
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Figure 5 Geometry of a D=sqrt(2.5dt) nodule initiating from a 0.9-um silica
microsphere. The non-uniformity of the first two layers over the seed is so pro-
nounced that the first two layers are discontinuous at the edge of the seed.

The cross-sectional micrographs of nodules prepared via IAD
have been previously examined.'® The nodular boundary continuity
was actually improved, as expected. A smaller aspect ratio of
D=sqrt(2.5dt) was found, in accordance with the simulations that
found that a higher mobility of deposited atoms would result in smal-
ler nodules. The three conditions introduced above to establish the
geometrical model for the D=sqrt(4dr) nodules were also adopted
here to build a geometrical model for the D=sqrt(2.5dt) nodules.
Figure 5 shows the simplified cross-sectional geometrical model for
a D=sqrt(2.5dt) nodule initiating from a 0.9-um seed. For this
geometrical model, the non-uniformity of the film thickness over
the spherical seeds was even more pronounced than that for the
D=sqrt(4dt) geometrical model.

One particular aspect of the D=sqrt(2.5dt) geometrical model is
that the intersections between the seeds and the first two deposited
layers occur within the seeds; however, this is physically impossible. As
a result, the diameters of the first two deposited layers were deter-
mined by the seed chord at the depth of the layer thickness where the
constraint condition of D=sqrt(2.5df) could not be met. In addition,
the TAR of the D=sqrt(2.5dt) nodules is also larger than that of the
D=sqrt(4dt) nodules for the same seed diameter, so a greater portion
of the laser beam will penetrate through the multilayer stack along the
edge sections of the D=sqrt(2.5df) nodules. Table 4 gives the IAR,
maximum |E|* and EF of nodules prepared via IAD. Compared to the
values in Tables 1 and 2, we can see that a larger IAR generally induced
a stronger |E|* enhancement in the nodules. However, for the case of
the 1.45-um seed, the maximum | E|? for the D=sqrt(2.5df) geometry
was slightly lower than that for the D=sqrt(4dt) geometry. This result
cannot be explained solely in terms of AR, and some unknown factors
have some effect here. Compared to the EF in Table 3, the higher
absorption of films prepared via IAD significantly decreased the

Table 4 D=sqrt(2.5dt) nodules

Seeds (um) 0.3 0.6 0.9 1.45 1.9
IAR (*) 29 38 58 70 76
Maximurm | £12 45 6.5 8.5 16.2 195
EFUcm™2 10ns)  130+15 85+10 505 2545  15%5

Abbreviations: EF, ejection fluence; IAR, incident angular range.

doi:10.1038/Isa.2013.36



damage resistance of the nodules, which implies that the joint contri-
bution from |E|* and film absorption determines the EF of the nodules.

The ejection of nodules initiating from 0.3-pm seeds always
occurred with catastrophic damage, and it was impossible to find or
inspect subtle damage morphologies of ejected nodules. Here, we
investigated the link between | E|* distributions and damage morphol-
ogies of nodules initiating from 0.6, 0.9, 1.45 and 1.9 um silica seeds.
Figure 6 shows the S-polarized |E|* distributions and the correspond-
ing nodular damage morphologies. The P-polarized |E|* profiles are
provided in the supplementary data for reference. The most obvious
change of the | E|* distributions for the D=sqrt(2.5df) geometry is that
the peak | E|* positions shift upward for some distance compared to the
D=sqrt(4dt) geometry. Now, most strong |E|* regions are located
within the film stack. Because absorption in the film is much higher,
the impact of the electric field on nodular damage will be amplified.
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The damage morphologies of nodules initiating from 1.9- and
1.45-um seeds have two notable features. The first is that neither the
seeds nor deeper layers were melted, but rather were cut apart in the
middle. The second is that the film stack was not ejected along existing
boundaries, but was destroyed around the central part of the film stack.
These features can be perfectly explained from the |E|* distributions,
film absorption and mechanical stability. The absorbed heat or tempe-
rature increase was determined by the combined effect of |E|* and film
absorption. Because the absorption of films prepared via IAD was much
higher than that of the seeds, the temperature peak should occur in the
film stack according to the simulated |E|* profiles. Moreover, the tem-
perature gradient and stress response should be much more localized to
the |E|* distributions due to the high absorption of the films. The film
stack melted first, and then a strong tensile stress was generated along
the axis of the nodules, which was intense enough to cut open either the

D=sqrt(2.5dt)

S-polarized |E|2 profiles
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Figure 6 Comparisons between simulated | £1? distributions and the damage morphologies of nodules prepared via IAD. (al-a4) FDTD-simulated S-polarized | E1°
distributions for which white lines represent film stacks and the color scale is different for different nodules. (b1-b4) Damage morphologies that almost exactly
reproduce the FDTD-simulated S-polarized | £1? distributions. FDTD, finite-difference time-domain; I1AD, ion-assisted deposition.
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deep layers or the seeds. Because boundary continuity was significantly
improved during IAD, the coating materials were merely sprayed out
near the melting region instead of at the boundaries. It is also interesting
to compare Figures 6b3 and 6b4 with Figure 4al. Although the |E|*
distributions of these three nodules were similar, the damage morpho-
logies were quite different due to different film absorption and mech-
anical stability.

Nodules initiating from 0.9-pm seeds also showed unique damage
morphologies, with only the top several layers being destroyed. This
result is in excellent agreement with the simulated |E|* profiles in
which the positions of peak |E|* are only located at the top several
layers. Because the damaged surface was relatively flat, it was the only
type of damage morphology that could be easily verified by scanning
electron microscopy without also needing to examine the cross-
sectional micrographs using FIB. Almost all nodules initiating from
the 0.9-um seeds exhibited such damage morphologies, which
strongly supported the reliability and validity of the observed link
between |E|* distributions and damage morphologies. As for the
nodules initiating from the 0.6-um seeds, the strong |E|* positions
were located at the upper part of the film stack, so, naturally, the upper
part of the film stack melted and was destroyed.

For nodules prepared via IAD, the damage morphologies almost
completely reproduced the |E|* distributions, which further proved
the correctness of the |E|* simulations and also demonstrated the
influence of |E|* distributions on the damage behavior of the nodules
irradiated by nanosecond laser pulses. These results also reveal the
thermomechanical characteristics of nodular damage and could
explain quite well why the EFs of nodules prepared via IAD were much
lower than those of nodules prepared via EBE.

CONCLUSIONS

The impact of |E|* distributions on the thermomechanical damage
of nodules has been studied in a comparative manner by both
numerical and experimental approaches. A 3D FDTD code was
utilized to simulate the |E|* distributions in artificial nodules. The
results showed that different nodular geometries exhibited different
IARs and resulted in completely different |E|* distributions. The
damage morphologies of the two series of artificial nodules pre-
pared via EBE and IAD were explored, and excellent agreement
occurred between the damage morphologies and the simulated
|E]* distributions. This agreement in results convincingly proved
the soundness of our approach to simulate |E|* enhancement and
distributions. Neglecting voids along boundaries seemed to have no
significant influence on the validity of the |E|* profiles, but the
presence of voids might cause variations in the damage morpho-
logies of nodules that were created from similarly sized seeds. More
importantly, our results are believed to be the first experimental
evidence that demonstrates exactly how |E|* distributions affect the
damage behavior of nodules. Our findings provide more informa-
tion on the damage process of nodules, provide a good foundation
for subsequent thermal, stress and mechanical simulations, and also
suggest a future direction for increasing the damage resistance of
nodules by minimizing |E|* enhancement.
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